Restricted-spin coupled-cluster single-double plus perturbative triple excitation ͓RCCSD͑T͔͒ potential energy functions ͑PEFs͒ were calculated for the X 2 AЉ and Ã 2 AЈ states of HPCl employing the augmented correlation-consistent polarized-valence-quadruple-͑aug-cc-pVQZ͒ basis set. Further geometry optimization calculations were carried out on both electronic states of HPCl at the RCCSD͑T͒ level with all electron and quasirelativistic effective core potential basis sets of better than the aug-cc-pVQZ quality, and also including some core electrons, in order to obtain more reliable geometrical parameters and relative electronic energy of the two states. 
I. INTRODUCTION
Recently, we reported ab initio calculations on the Ã 2 AЈ and X 2 AЉ states, and simulations of the Ã 2 AЈ→X 2 AЉ emission spectrum, of HPCl employing Franck-Condon ͑FC͒ factors computed within the harmonic oscillator model. 1 In this study, our ab initio results and spectral simulations confirmed the assignments of the emitter of, and the electronic states involved in, the first observed chemiluminescence spectrum of HPCl reported by Bramwell et al. 2 Also some of the vibrational assignments and the T 0 position of the Ã 2 AЈ→X 2 AЉ transition of Bramwell et al. were revised. However, it was noted in Ref. 1 that the experimentally derived equilibrium bond angle e (HPCl) of the Ã 2 AЈ state of HPCl, with a value of 112.6°obtained from the iterative Franck-Condon analysis ͑IFCA͒ ͑see the following section and Ref. 1 , and references therein for detail͒, was significantly smaller than the ab initio value of ca. 116.8°obtained at the restricted-spin coupled-cluster single-double plus perturbative triple excitation/correlation-consistent polarizedvalence-quadruple ͓RCCSD͑T͒/cc-pVQZ͔ ͑no g͒ level of calculation. It was suggested that such a large difference of over 4°between the calculated and experimentally derived IFCA bond angle was possibly due to the inadequacy of the harmonic oscillator model employed in the FC factor calculations. In the present study, effects of including anharmonicity on the simulated emission spectra of HPCl, and, in particular, on the IFCA bond angle of the Ã 2 AЈ state of HPCl, are investigated. In the following sections, we report computed ab initio potential energy functions ͑PEFs͒ of the Ã 2 AЈ and X 2 AЉ states of HPCl, anharmonic vibrational wave functions, FC factors, and spectral simulation of the Ã 2 AЈ→X 2 AЉ emission of HPCl which include anharmonicity.
During the preparation of the manuscript of the present investigation, a theoretical study 3 on the Ã 2 AЈ→X 2 AЉ emission of HPCl and HNCl, and a laser induced fluorescence ͑LIF͒ and single-vibronic-level ͑SVL͒ emission study model, based on a variation-perturbation approach. In general, the ab initio results obtained in, and the conclusions drawn from the theoretical investigation of Ref. 3 agree mostly with those of Ref. 1 , except that in the comparison between their simulated spectra 3 and the observed chemiluminescence spectrum of Ref. 2 , a non-Boltzmann distribution of the populations of the vibrational levels in the upper electronic state of HPCl was proposed. This is in contrast to the conclusion reached in Ref. 1 of a Boltzmann distribution in the low-lying vibrational levels of the upper electronic state with a vibrational temperature of 1000 K. These different conclusions of Refs. 1 and 3 regarding the population distribution of the low-lying vibrational levels of the upper state are also investigated in the present study.
The rotationally resolved LIF and vibrationally resolved SVL emission study of Ref. 4 reported experimentally derived r 0 and estimated r e z structures ͑i.e., the corresponding HP and PCl bond lengths, and the HPCl bond angle͒ of the Ã 2 AЈ and X 2 AЉ states of HPCl, and the fundamental and harmonic vibrational frequencies of these two electronic states of HPCl and DPCl. In addition, CCSD͑T͒/augmentedcoupled-cluster-polarized-valence-triple-aug-cc-pVTZ calculations were carried out on both states of HPCl. One major difference between the chemiluminescence spectrum reported in Ref. 2 and the SVL emission spectra reported in Ref. 4 is that the latter spectra are free from overlapping bands, which arise from emissions from low-lying vibrational levels of the upper electronic state, as observed in the chemiluminescence spectrum. In this connection, the simpler SVL emission spectra will be considered first in the section dealing with the comparison between the simulated and observed spectra, before the chemiluminescene spectrum is discussed.
II. THEORETICAL CONSIDERATIONS AND COMPUTATIONAL DETAILS

A. Ab initio calculations, potential energy functions, and Franck-Condon factor calculations
Restricted-spin coupled-cluster single-double 5 plus perturbative triple 6 excitation ͓RCCSD͑T͔͒ calculations were carried out on the Ã 2 AЈ and X 2 AЉ states of HPCl, employing the aug-cc-pVQZ basis set. 7 The 1s 2 2s 2 2p 6 core electrons of P and Cl were frozen in these RCCSD͑T͒ calculations. 171 RCCSD͑T͒/aug-cc-pVQZ energy points were scanned on the electronic energy surface of the X 2 AЉ state of HPCl in the geometrical ranges of 1.21Ͻr(HP)Ͻ1.77 Å, 1.84Ͻr(PCl)Ͻ2.40 Å, and 55.0Ͻ͑HPCl͒Ͻ135.0°, and 163 energy points were scanned on the Ã 2 AЈ surface in the geometrical ranges of 1.198Ͻr(HP)Ͻ1.758 Å, 1.810Ͻr(PCl) Ͻ2.370 Å, and 84.0Ͻ͑HPCl͒Ͻ148.0°. Polynomial functions of the following form were fitted to the corresponding computed ab initio total energies to give the potential energy functions ͑PEFs͒ of the X 2 AЉ and Ã 2 AЈ states of HPCl.
The bending coordinate suggested by Carter and Handy,
has been employed for S 2 , where ⌬ is the displacement of the bond angle from the equilibrium value, (Ϫ e ), while S 1 and S 3 are the displacements of the HP and PCl bond lengths from the equilibrium values, (rϪr e ), respectively. The fitting of the PEFs, the variational calculations of the anharmonic vibrational wave functions and the FC factor calculations were carried out as described previously. 9, 10 In brief, Watson's Hamiltonian 11, 12 for a nonlinear molecule was used, and both anharmonicity and Duschinsky rotation were included in the FC factor calculations. Here, only some technical details specific to the present study are given and these are as follows: Anharmonic vibrational wave functions were expressed as linear combinations of harmonic oscillator functions, h(v 1 ,v 2 ,v 3 ), where v 1 , v 2 , and v 3 denote the quantum numbers of the harmonic basis functions for the HP stretching, bending, and PCl stretching modes, respectively. Harmonic basis functions with vibrational quantum numbers of up to h (6, 20, 10) and a restriction of v 1 ϩv 2 ϩv 3 Ͻ20 were included in the variational calculations of the X 2 AЉ state. For the Ã 1 AЈ state, harmonic basis functions of up to h (6, 10, 10) , with a restriction of v 1 ϩv 2 ϩv 3 Ͻ10 were considered.
The IFCA procedure was carried out ͑see Refs. 9 and 10 for details͒ with the geometry of the X 2 AЉ state fixed to the experimentally derived, estimated equilibrium (r e z ) geometry of Ref. 4 , while the geometrical parameters of the Ã 2 AЈ state were varied systematically, until the best match between simulated and observed SVL emission spectra was obtained ͑see also the following section for a more detailed description, which includes the ab initio calculations͒. Vibronic components in the SVL Ã 2 AЈ→X 2 AЉ emission spectra of HPCl/DPCl were simulated using Gaussian functions with a full width at half maximum ͑FWHM͒ of 15 cm Ϫ1 , which is a spectral resolution slightly better than that of the observed SVL emission spectra of Ref. 4 . For simulated chemiluminescence spectra, a FWHM of 1 nm ͑ϳ30 cm Ϫ1 in the visible region of 400-600 nm͒ was used ͑cf. an experimental resolution of 0.32 nm quoted in Ref. 2 for the wavelength region of 400-600 nm͒. The relative intensity of each vibrational component in a simulated spectrum is given by the product of the corresponding computed anharmonic FC factor and a frequency factor of power 4.
B. Further geometry optimization calculations
In order to obtain more reliable computed equilibrium geometrical parameters of the Ã 2 AЈ and X 2 AЉ states of HPCl, and transition energies (T e and T 0 ) between the two states, further geometry optimization calculations employing basis sets of better quality than the aug-cc-pVQZ basis set were carried out at the RCCSD͑T͒ level of theory. First, the aug-cc-p(dϩQ͒Z basis sets, 13 which contain an extra tight d function added to the original aug-cc-pVQZ basis sets for the second row elements, were used for P and Cl. This is because tight d polarization functions have been found to be impor-tant in the basis set at the Hartree-Fock level of theory for second row elements ͑see Refs. 13 and 14, and references therein͒.
Second, in addition to the valence electrons, the 2s 2 2 p 6 core electrons of P and Cl were correlated in the RCCSD͑T͒ calculations ͑i.e., only the 1s 2 electrons of P and Cl are frozen͒ and the energy-weighed core-valence aug-ccpwCVQZ basis sets 15 were used for P and Cl. This is to investigate the effects of core-core and core-valence correlation on the minimum-energy geometries of the two states of HPCl, which contains the second row elements, P and Cl ͑see, for examples, Ref. 14, and references therein͒. It should be noted that these calculations including the core electrons were extremely, computationally demanding ͑in terms of both memory and CPU time͒.
Third, the cc-pV5Z basis set was employed to examine the effects of better valence description than the valence QZ quality. The augmented ͑or diffuse͒ part of the aug-cc-pV5Z basis set has been excluded, because its inclusion would lead to unmanageably demanding calculations. Nevertheless, basis sets, which make use of effective core potentials ͑ECPs͒ to account for core electrons, and are of the augmented polarized valence 5Z quality, were considered for P and Cl. The following contracted ͓6s6 p5d4 f 3g2h͔ valence basis sets of the aug-cc-pV5Z quality, which coupled with the respective quasirelativistic energy-consistent pseudopotentials ͑ECP10MWB͒ of the Stuttgart/Koeln group, 16 were designed to describe the valence 3s and 3p shells of the P and Cl atoms.
͑a͒ P: 15 even-tempered s primitives ͑ratioϭ1.75; center exponentϭ1.5͒ and 13 even-tempered p primitives ͑1.75; 0.8͒ were contracted to ͓1s1 p͔, with the contraction coefficients obtained from a restricted open shell Hartree Fock ͑ROHF͒ calculation of the neutral atom employing the 15s13p primitives uncontracted, plus the following uncontracted functions: 5s(2.5; 0.25͒, 5p(2.4; 0.18͒, 5d(2.5; 2.0͒, 4 f ͑exponents; 0.768 32, 0.2744, 0.098, 0.035͒, 3g(0.49, 0.14, 0.04͒, and 2h(0.24, 0.06͒.
͑b͒ Cl: 15 even-tempered s primitives ͑ratioϭ1.8; center exponentϭ2.0͒ and 13 even-tempered p primitives ͑1.75; 0.8͒ were contracted to ͓1s1 p͔, with the contraction coefficients obtained from an ROHF calculation of the neutral atom employing the 15s13p primitives uncontracted, plus the following uncontracted functions: 5s(2.5; 0.45͒, 5p(2.6; 0.3͒, 5d(2.6; 0.3͒, 4 f ͑exponents; 1.8, 0.6, 0.2, 0.066 667͒, 3g(1.75, 0.388 89, 0.086 419 7͒, and 2h(0.35, 0.077 778͒.
The above ECP10MWB ͓6s6 p5d4 f 3g2h͔ basis sets for P and Cl ͑ECP-AV5Z in short͒ were used together with the aug-cc-pV5Z basis set for H. Calculations using these 5Z quality basis sets of cc-pV5Z and ECP-AV5Z explore the effects of basis set extension towards the complete basis set ͑CBS͒ limit on the minimum-energy geometries of the two states of HPCl and their relative electronic energies. In addition, the quasirelativistic ECPs employed for P and Cl in the ECP-AV5Z basis sets described above also account for a certain amount of relativistic contribution. Summing up, various effects, arising from basis size extension towards the CBS limit, electron correlation of core electrons, and relativistic contributions of the second row elements, P and Cl, on the computed equilibrium geometrical parameters of, and transition energies between, the Ã 2 AЈ and X 2 AЉ states of HPCl were investigated by carrying out RCCSD͑T͒ geometry optimization calculations employing various basis sets described above.
All the RCCSD͑T͒ calculations carried out in the present study were performed using the MOLPRO suite of programs.
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III. RESULTS AND DISCUSSION
The RCCSD͑T͒/aug-cc-pVQZ PEFs of the X 2 AЉ and Ã 2 AЈ states of HPCl, and some of the computed anharmonic vibrational energies and wave functions of the two states are given in Tables I and II Table II shows the computed energies and anharmonic wave functions of some low-lying vibrational levels of the Ã 2 AЈ and X 2 AЉ states of HPCl expressed as linear combinations of harmonic basis functions ͑five largest harmonic terms are shown͒. First, based on the computed anharmonic wave functions, the normal modes correspond largely to the HP stretching, bending, and PCl stretching modes, respectively, and the vibrational designations of the anharmonic vibrational wave functions follow closely with those of the leading harmonic basis functions at least for most of the low-lying vibrational levels shown in Table II . Second, other than the HP stretching mode, which is expected to be strongly anharmonic, the PCl stretching mode is also significantly anharmonic in both the Ã 2 AЈ and X 2 AЉ states of HPCl. This anharmonic effect in the PCl stretching mode is reflected in the calculated anharmonic vibrational wave functions with leading harmonic basis functions of h(0,0,v 3 ), where v 3 у3. It can be seen that, for these higher vibrational levels of the PCl stretching mode, the coefficients of the leading harmonic terms become significantly smaller than unity as v 3 increases, and contributions from other harmonic terms become significant. Nevertheless, these computed anharmonic wave functions suggest a purely PCl stretching mode with negligibly small coupling with the bending and/or HP stretching modes. Third, anharmonic effects are also found to be significant in combination levels involving the PCl stretch. For example, the anharmonic wave function of the X 2 AЉ state with h(0,1,3) as its leading harmonic term has significant contribution also from h(0,1,4) ͑with a calculated coefficient of 0.44; see Table II͒ . Fourth, anharmonic vibrational wave functions of very close calculated energies show some ''mode mixing,'' as expected. For example, for the vibrational levels of the X 2 AЉ state with h(1,0,0) and h(0,2,1) as the leading harmonic terms in their anharmonic wave functions, which are calculated to be only 12.6 cm Ϫ1 apart in energy, the anharmonic wave functions show significant mixing ͑see Table II͒ . Finally, in general, the computed anharmonic vibrational wave functions for both states of DPCl behave in similar ways as those of HPCl discussed, though the magnitudes of anharmonic effect and mode mixing in DPCl are slightly smaller than in HPCl.
B. The equilibrium geometrical parameters of the Ã 2 AЈ and X 2 AЉ states of HPCl
Calculated minimum-energy geometrical parameters of the two states of HPCl and the corresponding experimentally derived values are summarized in Table III . We have only included previous ab initio results of relatively higher levels in Table III ͑for earlier and lower level results from ab initio and/or density functional calculations, see Refs. 3 and 4, and references therein͒. When the levels of theory employed to obtain the calculated values as shown in Table III are considered, it is clear that the levels used in the present study are superior to those reported previously. Therefore, we will focus on the results obtained in the present study from here onward. For the X 2 AЉ state of HPCl, the ranges of the calculated r e (HP), e (HPCl), and r e (PCl) values at the RCCSD͑T͒ level with basis sets of, or better than, the augcc-pVQZ quality are between 1.4166 and 1.4213, 94.97 and 95.23°, and 2.0397 and 2.0517 Å, respectively. The very narrow spreads of the computed geometrical parameters of 0.0047, 0.26°and 0.0120 Å, respectively, suggest a high degree of consistency in these theoretical values. Therefore, it is concluded that these ab initio results should be reasonably reliable and any further improvements in the level of calculation would not lead to any significant changes of the optimized geometrical parameters of the X 2 AЉ state of HPCl. The averaged calculated values of r e (HP), e (HPCl), and r e (PCl) are 1.4196Ϯ0.0030, 95.15Ϯ0.18°, and 2.0467 Ϯ0.0070 Å, which agree with the experimentally derived, estimated r e z values of Ref. 4 to within the combined theoretical and experimental uncertainties.
Comparing the calculated and experimentally derived equilibrium geometrical parameters of the X 2 AЉ state of HPCl in more detail, the computed equilibrium bond lengths obtained using the aug-cc-pwCVQZ basis set ͓correlating the core 2s 6 2p 6 electrons of P and Cl explicitly in the RCCSD͑T͒ calculations͔ agree best with the experimentally derived r e z values 4 ͑to within 0.001 Å͒. For the bond angle, the RCCSD͑T͒/ECP-AV5Z, value agrees best with the r e z value ͑to within 0.05°͒. If the computed equilibrium geometrical parameters, obtained using basis sets of better than the aug-cc-pVQZ quality ͑i.e., the aug-cc-pwCVQZ, ccpV5Z, and ECP-AV5Z basis sets͒ are considered, the averaged calculated values of r e (HP), e (HPCl), and r e (PCl) are 1.4184Ϯ0.0018, 95.14Ϯ0.17°, and 2.0437Ϯ0.0041 Å, respectively. These values agree with the corresponding experimentally derived, estimated r e z values of Ref. 4 to within 0.0026 Å, 0.12°, and 0.0049 Å. Such good agreement between theory and experiment confirms the reliability of these equilibrium geometrical parameters of the X 2 AЉ state of HPCl.
For the Ã 2 AЈ state of HPCl, the spreads of the calculated r e (HP), e (HPCl), and r e (PCl) values at the RCCSD͑T͒ level with basis sets of, or better than, the augcc-pVQZ quality are 0.0041, 0.23°, and 0.0076 Å, respectively ͑Table III͒, which are even smaller than those of the X 2 AЉ state, indicating that these ab initio geometrical parameters are highly consistent and hence should be reasonably reliable. The averaged calculated r e (HP), e (HPCl), The estimated accuracy of low-resolution LIF experiments from calibrated spectra is 0.5 cm from Ref. 4 give changes of ϩ0.0091, Ϫ20.51°, and ϩ0.0338 Å in r e (HP), e (HPCl), and r e (PCl), respectively. The corresponding geometrical changes from the RCCSD͑T͒/aug-cc-pVQZ PEFs are ϩ0.0107, Ϫ21.76°, and ϩ0.0369 Å and those from the averaged calculated values are ϩ0.0100, Ϫ21.61°, and ϩ0.0368 Å. The agreement between the theoretically and experimentally derived geometrical changes upon deexcitation in the bond lengths of within 0.0031 Å is excellent, particularly with the averaged calculated equilibrium geometrical parameters. However, the discrepancy between the ab initio and experimentally derived, estimated r e z change of the equilibrium bond angles upon deexcitation of over 1°casts doubt on the quoted uncertainties of 0.27°and 0.12°associated with the experimentally derived, estimated r e z bond angle of the X 2 AЉ and Ã 2 AЈ states of HPCl, respectively, given in Ref. 4 . The comparison between theoretically and experimentally obtained geometrical parameters, particularly the bond angle of the Ã 2 AЈ state of HPCl, will be further discussed, when the simulated and observed SVL emission spectra are compared.
C. Harmonic and fundamental vibrational frequencies of the X 2 AЉ and Ã 2 AЈ states of HPCl and DPCl
From 
D. Calculated and observed transition energies, T 0 and T e
The calculated transition energies obtained at different levels of theory are compared with the observed values in It appears that the different contributions from basis set extension, core electrons, and relativity to the calculated relative electronic energy are probably not in the same direction, and hence would cancel each other at least to a certain extent. It is therefore concluded that any further improvements in the level of calculation would not change the computed relative electronic energy significantly, and a theoretical uncertainty of ϳ0.02 eV ͑160 cm Ϫ1 ͒ would be near the best achievable for ab initio relative electronic energies. Table III͒ , ͑c͒ simulated spectrum employing the averaged ab initio geometry change upon deexcitation ͑see text͒, and ͑d͒ simulated spectrum employing the IFCA geometry of r e (PH)ϭ1.406 25 Å, e ϭ116.08°, and r e (PCl)ϭ2.0035 Å ͓averages of those used in simulating spectra ͑b͒ and ͑c͒; see text͔. Table III͒ , ͑c͒ simulated spectrum employing the averaged ab initio geometry change upon deexcitation ͑see text͒ and ͑d͒ simulated spectrum employing the IFCA geometry of r e (PH)ϭ1.406 25 Å, e ϭ116.08°, and r e (PCl)ϭ2.0035 Å ͓averages of those used in simulating spectra ͑b͒ and ͑c͒; see text͔. Figures 1-4 show the four observed SVL emission spectra published in Ref. 4 ͓top spectra ͑a͒ in Figs. 1-4͔ . Selected, corresponding simulated SVL emission spectra are also shown in Figs. 1-4 Table III͒ ; ͑c͒ The averaged ab initio changes in the equilibrium bond lengths and angle upon deexcitation as discussed above were used together with the experimentally derived, estimated r e z geometrical parameters of the X 2 AЉ state to give the geometrical parameters of the Ã 2 AЈ state ͓r e (PCl)ϭ2.0020 Å, e ϭ116.63°, and r e (HP)ϭ1.4085 Å]; ͑d͒ The IFCA bond lengths of r e (PCl)ϭ2.0035 and r e (HP)ϭ1.4063 Å and bond angle of e ϭ116.08°were used for the Ã 2 AЈ state ͓these are the averaged values between those used to obtain simulated spectra ͑b͒ and ͑c͔͒.
E. Comparison between simulated and observed SVL emission spectra of HPCl and DPCl
In the comparison between the observed and simulated spectra, it should be borne in mind that the experimental spectra from Ref. 4 were not corrected for wavelengthdependent response of the monochromator and detection system. In addition, the variation of the electronic transition dipole moment over the electronic band has been ignored in the simulated spectra. In spite of these experimental and theoretical shortcomings, it can be seen from Figs. 1-4 that the overall agreement between the observed and simulated spectra is very good. All vibrational features of the observed SVL emission spectra are reasonably well produced in the corresponding simulated spectra shown. Before comparing the observed and simulated spectra in more detail, it should be noted that the changes in the bond lengths upon deexcitation Table III͒ , ͑c͒ simulated spectrum employing the averaged ab initio geometry change upon deexcitation and ͑d͒ simulated spectrum employing the IFCA geometry of r e (PH)ϭ1.406 25 Å, e ϭ116.08°, and r e (PCl)ϭ2.0035 Å ͓averages of those used in simulating spectra ͑b͒ and ͑c͒; see text͔. Table III͒ , ͑c͒ simulated spectrum employing the averaged ab initio geometry change upon deexcitation, and ͑d͒ simulated spectrum employing the IFCA geometry of r e (PH)ϭ1.406 25 Å, e ϭ116.08°, and r e (PCl)ϭ2.0035 Å ͓averages of those used in simulating spectra ͑b͒ and ͑c͒; see text͔.
from the ab initio calculations and from the experimentally derived, estimated r e z structures are very similar, as discussed, and are also relatively small in magnitude. The major geometrical change upon deexcitation lies in the bond angle and the major observed vibrational structure involves mainly the bending mode. In addition, it has been noted above that the best averaged ab initio bond angle of the Ã 2 AЈ state differs from the experimentally derived, estimated r e z value of Ref. 4 by more than 1°. Hence, the major concern of the geometrical change upon deexcitation lies in the bond angle of the Ã 2 AЈ state. In view of the above considerations, the three sets of excited state geometrical parameters used for the simulated spectra ͑b͒, ͑c͒, and ͑d͒ shown in Figs. 1-4 , may be viewed as representatives of the variation of the bond angle of the Ã 2 AЈ state used in the IFCA procedure. Bearing the above considerations in mind, the three sets of simulated spectra ͓͑b͒, ͑c͒, and ͑d͒ in Figs. 1-4͔ are compared with the corresponding observed spectra ͓͑a͒ in Figs. 1-4͔ as follows.
For the Ã (0,0,0) SVL emission ͑Fig. 1͒, the simulated spectrum ͑b͒ appears to match best with the observed spectrum ͑a͒ among the three simulated spectra. However, for the Ã (1,1,0) SVL emission ͑Fig. 2͒ with the simplest vibrational structure, the simulated spectrum ͑b͒ underestimates slightly the relative intensity of the X (1,1,0) vibrational component, and the simulated spectrum ͑d͒ matches best with the observed spectrum ͑a͒. For the Ã (0,1,2) SVL emission of DPCl ͑Fig. 4͒, all three simulated spectra ͑b͒, ͑c͒, and ͑d͒ give very long vibrational progressions with significant relative intensities even beyond the 5000 cm Ϫ1 region ͑the wave number scale is displacement from the laser excitation frequency, giving a direct measure of the ground state vibrational energy; see Ref. 4͒, while the relative intensities of the higher components of the vibrational structure of the lower electronic state in the observed spectrum ͑a͒ tail off at the ca. 4000 cm Ϫ1 region. These comparisons suggest that the efficiency of the detector system used in Ref. 4 to obtain the SVL Ã (0,1,2) emission spectrum of DPCl is very likely decreasing towards lower emission energies ͑corresponding to emission to higher vibrational levels of the X 2 AЉ state͒. Bearing this in mind, it appears that the simulated spectrum ͑d͒, which is a compromise between the simulated spectra ͑b͒ and ͑c͒, matches best with the observed spectrum ͑a͒. Summing up, based on the comparisons between the simulated and observed spectra discussed above, it is concluded that Table VII͒ , and ͑d͒ simulated spectrum, employing an IFCA bond angle of 113.5°, with a Boltzmann distribution at 800 K ͑see text͒.
FIG. 6. Some simulated SVL emission spectra, which contribute to the simulated ''composite'' chemiluminescence spectrum ͓top trace same as Fig.  5͑c͒ ; see text͔.
spectra ͑d͒ in Figs. 1, 2, and 4 etween the present IFCA bond angle of 116.08°, which has been obtained including anharmonicity in the calculation of the FC factors, and the earlier IFCA value of 112.6°obtained within the harmonic oscillator model is quite large and clearly way beyond the uncertainty of Ϯ0.60°. The considerably smaller, earlier IFCA value of Ref. 1 is obviously in error. This is at least partly due to the neglect of anharmonicity in our previous calculations of FC factors, but is also partly due to the assumption of a Boltzmann distribution of the population in the low-lying vibrational levels of the upper electronic state used in the simulation of the overlapping vibrational bands in the chemiluminescence spectrum. We will come back to this, when the chemiluminescence spectrum is considered.
Regarding the Ã (0,0,0) SVL emission spectrum of DPCl, although the overall match between the simulated and observed spectra is reasonably good for all three simulated spectra shown in Fig. 3 , simulated spectra obtained in the IFCA procedure cannot reproduce the rather strong relative intensity of the X (0,2,0) vibrational component observed at an energy of 1277.3 cm Ϫ1 from the ground vibrational level of the lower electronic state. All simulated spectra ͑b͒, ͑c͒, and ͑d͒ give a gradual and smooth change in the relative intensities of successive vibrational components in the main bending progression. However, the X (0,2,0) component in the observed spectrum ͓Fig. 3͑a͔͒ appears to have a relative intensity, which is significantly stronger than that expected from the trend of the rest in the vibrational progression. A simulated SVL Ã (0,0,0) emission spectrum of DPCl, which gives the X (0,2,0) component of maximum relative intensity in the vibrational progression, requires an excited state bond angle significantly smaller than 115.0°and such a spectrum still gives a gradual and smooth change in the relative intensities of all members of the X (0,n,0) series. We are unable to explain this abnormality in the relative intensity of the X (0,2,0) component in the observed SVL Ã (0,0,0) spectrum of DPCl based on our spectral simulation, and hence have not considered this emission in deriving the IFCA geometry of the Ã state.
From computed FC factors, the X (1,n,0) series has a nontrivial contribution to the SVL Ã (0,0,0) emission spectrum of HPCl ͓see the bar diagrams and the vibrational designations shown in Fig. 1͑a͔͒ . Vibrational components of the X (1,n,0) series are energetically close to, and hence overlap with, vibrational components of the X (0,nϩ2,1) series ͓for example, the X (1,0,0) and X (0,2,1) vibrational levels were calculated to be only 12.6 cm Ϫ1 apart; see Table II͔ . For the SVL Ã (1,1,0) emission of HPCl, computed FC factors suggest that the very weak feature is due to the X (1,n,1) and X (0,n,0) series ͓see Fig. 2͑a͔͒ . Similarly, the very weak feature in the SVL Ã (0,0,0) emission spectrum of DPCl is due to the X (0,n,1), and to a smaller extent X (0,n,2), series. However, the X (1,0,1) and X (1,0,2) components of DPCl given in Table II of Ref. 4 do not have significant computed FC factors according to our calculations on the SVL Ã (0,0,0) and ͑0,1,2͒ emissions of DPCl and we are unable to assign these vibrational components in our simulated spectra in Figs. 3 and 4. Perhaps these vibrational components were observed in unpublished dispersed fluorescence spectra of DPCl, which are not available to us. Figure 5 compares the observed chemiluminescence spectrum of HPCl reported in Ref. 2 ͓Fig. 5͑a͔͒ with the corresponding simulated spectra obtained in the present study. The simulated emission spectrum Fig. 5͑c͒ , includes contributions from a non-Boltzmann distribution of the lowlying vibrational levels of the Ã 2 AЈ state, with the relative weights of the different emissions involved given in Table  VII . The simulated emission spectrum Fig. 5͑b͒ , has employed a Boltzmann distribution with a vibrational temperature of 800 K. This simulated spectrum is the best match with the observed spectrum obtainable based on a Boltzmann distribution ͑the only variable in the match is the vibrational temperature͒. Both simulated spectra Figs. 5͑b͒ and 5͑c͒ , have employed the IFCA geometry for the Ã 2 AЈ state of HPCl, obtained above, when the SVL emissions were con-TABLE VII. The relative weights used in the non-Boltzmann distribution of the populations of some low-lying vibrational levels of the Ã 2 AЈ state of HPCl employed in simulating the chemiluminescence spectrum as shown in Fig. 5͑c͒ and Fig. 6 ͑top trace͒ sidered. Figure 5͑d͒ shows the simulated spectrum including contributions from bands based on a Boltzmann upper state distribution with a temperature of 800 K, but with an IFCA bond angle of 113.5°͑and the r e 's from the PEF͒ for the Ã 2 AЈ state of HPCl. Figure 6 shows simulated spectra of most of the individual SVL emissions, which have significant contributions to the simulated composite spectrum ͓top trace in Fig. 6 , which is the same as Fig. 5͑c͔͒ .
F. Comparison between simulated and observed chemiluminescence spectra of HPCl
Before each simulated and observed chemiluminescence spectrum of HPCl are compared in detail, it should be noted that the relative intensities of the different members of the main vibrational progression observed in the chemiluminescence spectrum 2 of HPCl, the Ã (0,0,0)→X (0,n,0) progression ͓Fig. 5͑a͔͒, do not match exactly with those observed in the SVL Ã (0,0,0) emission spectrum of Ref. 4 ͓see vibrational assignments given in Fig. 1͑a͔͒ . Specifically, the relative intensities of the higher members of this vibrational series in the chemiluminescence spectrum decrease faster than those in the SVL emission spectrum, and the X (0,2,0) component in the SVL Ã (0,0,0) emission spectrum has the maximum relative intensity, while in the observed chemiluminescence spectrum, the X (0,1,0) component is the strongest. Just considering the experimental chemiluminescence spectrum of Ref. 2 ͓Fig. 5͑a͔͒ and the SVL Ã (0,0,0) emission spectrum of Ref. 4 ͓Fig. 1͑a͔͒, it is unclear whether the discrepancies between the two observed spectra in the main Ã (0,0,0)→X (0,n,0) progression is due to the different wavelength dependences of the detector systems used in the two different experimental setups ͑the chemiluminescence spectrum was not corrected for any wavelength-dependent instrumental response 18 ͒ or due to overlapping emissions arising from low-lying excited vibrational levels of the upper state in the chemiluminescence spectrum 2 ͓the SVL Ã (0,0,0) emission 4 is obviously free from such overlapping bands͔. Since the wavelength dependences of the detector systems used in Refs. 2 and 4 are unavailable to us, we can only ignore them in the following discussion and assume that the discrepancies between the reported SVL Ã (0,0,0) emission spectrum and the chemiluminescence spectrum are merely due to extra bands in the latter arising from emissions from higher vibrational levels of the upper electronic state.
First, the simulated spectrum with a bond angle of 113.5°for the Ã 2 AЈ state ͓Fig. 5͑d͔͒ is considered. The main features of this simulated spectrum match almost exactly with those of the observed spectrum ͓Fig. 5͑a͔͒, except for the ''shoulders'' or ''multiplet'' structure associated with the observed main X (0,n,0) series and, to a lesser extent, small discrepancies in the region of ca. 450 nm. The bond angle of the Ã 2 AЈ state employed in this simulated spectrum ͑includ-ing anharmonicity͒ is larger than the IFCA value obtained previously with the harmonic oscillator model, 1 but is still smaller than the very consistent ab initio values by ca. 3°. Based on our previous conclusion that excessive variations of geometrical parameters ͑from reliable ab initio values͒ in the IFCA procedure are not recommended, 10 and also noting the good agreement between the simulated and observed SVL mission spectra using the IFCA bond angle of 116.08°f or the Ã 2 AЈ state discussed above, we have to conclude that such a good match between the simulated and observed spectra of Figs. 5͑d͒ and 5͑a͒, respectively, is fortuitous. This is similar to the near exact match between the simulated spectrum obtained within the harmonic oscillator model and the observed spectrum reported previously in Ref. Employing the JFCA geometry of the Ã 2 AЈ state of HPCl obtained in the present investigation and assuming a Boltzmann distribution for the vibrational populations of the upper state in the simulation, the best match obtained between the simulated and observed spectrum ͓Figs. 5͑b͒ and 5͑a͒, respectively͔ is with a vibrational temperature of 800 K. Although the overall observed vibrational envelope is produced in the simulated spectrum, the match between Figs. 5͑a͒ and 5͑b͒ is not exact. Specifically, the discrepancies in the main X (0,n,0) series are similar to those between the observed SVL Ã (0,0,0) emission ͓Fig. 1͑a͔͒ and the observed chemiluminescence spectrum ͓Fig. 5͑a͔͒ discussed above. In addition, the match between the simulated and observed chemiluminescence spectra in the region arising from higher vibrational levels in the Ã 2 AЈ state ͑ca. 450 nm͒ is also not exact. It was found that it was not possible to improve the match further by adjusting only the vibrational temperature used in the Boltzmann distribution. Consequently, a non-Boltzmann distribution involving higher vibrational levels of the upper state has to be considered, as proposed in Ref. 3 .
With a non-Boltzmann distribution of relative weights of populations in various vibrational levels of the Ã 2 AЈ state of HPCl given in Table VII , the simulated spectrum shown in Fig. 5͑c͒ gives a better match with the observed spectrum ͓Fig. 5͑a͔͒ in the main X (0,n,0) series than that obtained with a Boltzmann distribution ͓Fig. 5͑b͔͒, and also gives multiplet structures in the vibrational components in the higher wavelength region. It should be noted that the multiplet structure in each vibrational component of the observed spectrum is not well resolved, and also with a nonBoltzmann distribution, the choices of relative weights of vibrational populations and the low-lying vibrational levels of the upper state from which emissions are included in the spectral simulation, which give the best match, may not be unique. In view of these experimental and theoretical limitations, the main aim in obtaining the simulated spectrum shown in Fig. 5͑c͒ has been to match the overall pattern of the observed vibrational structure with the smallest numbers of SVL emissions from the low-lying vibrational levels of the upper state. Although the match between Figs. 5͑a͒ and 5͑c͒ is not exact, we believe that this aim has been largely achieved. It should be pointed out that, it is contributions
